BACKGROUND: Alterations of synapsis can disturb or arrest meiosis and result in infertility. Synaptic abnormalities are frequently observed in infertile patients but also in fertile men. METHODS: The subtelomere-specific multiplex fluorescence in-situ hybridization (stM-FISH) has been applied in combination with immunofluorescence to identify all synaptonemal complexes (SCs) and to analyse those presenting synaptic anomalies in fertile and infertile men. RESULTS: SCs with heterochromatin blocks other than centromere (noncentromeric heterochromatin) presented a higher frequency of gaps (SC discontinuities) and splits (unsynapsed SC regions) at pachytene, the incidences for 9qh, 1qh, 15p and 21p being the highest ones. Inter-individual variability in the incidence of synaptic anomalies in these regions has been observed. In addition, synaptic anomalies in other SC regions are more frequent in infertile cases than in controls. Clear association of the SC15 and SC21 to the XY pair has been seen. CONCLUSION: Noncentromeric heterochromatic regions are the last to synapse. The inter-individual variation observed in the incidence of gaps and splits in these regions may be explained by the heteromorphism of these regions in the general population. The presence of synaptic anomalies in other SC regions may indicate nuclei with a severely affected synapsis. Noncentromeric heterochromatic regions might play a role in the association of autosomal SC15 and SC21 with the XY pair.
Introduction
Meiosis is a specialized cell division whose aim is to form haploid, genetically different cells for sexual reproduction. During meiotic prophase I, homologous chromosomes pair, synapse and recombine. These three processes are essential for the viability of the cell. Pairing of homologous chromosomes is the process by which homologues recognize each other and localize in proximity. Synapsis is the intimate association between the two homologues, and when it occurs, a triaxial proteinaceous structure called synaptonemal complex (SC) is built along the pairing axis. Several structural proteins have been described that contribute to the formation of the SC. The detection of these proteins with specific antibodies allows for the analysis of synapsis (Barlow and Hultén, 1996) .
Alterations in the synapsis process such as SC gaps (discontinuities), splits (unsynapsed SC regions) and complete asynapsis can disturb or arrest meiosis and result in reduced fertility (Judis et al., 2004; Sun et al., 2004; Codina-Pascual et al., 2005; Guichaoua et al., 2005) . Although synaptic abnormalities are frequent in infertile patients, some of these alterations have also been observed in fertile men (Codina-Pascual et al., 2005; Guichaoua et al., 2005) , some of them affecting the heterochromatic regions of chromosomes 1 and 9 (Barlow and Hultén, 1996; Sun et al., 2005) . Heterochromatin has been proposed as playing an important role in meiotic pairing in Drosophila melanogaster females, where achiasmatic disjunction takes place (Renauld and Gasser, 1997) , and in the meiotic association of acrocentric chromosomes with the XY pair at the pachytene stage (Metzler-Guillemain et al., 1999) .
Recent advances in the application of multiplex fluorescence in-situ hybridization (M-FISH) assays in combination with immunofluorescent methodologies have allowed for the identification of every SC in a cell (Oliver-Bonet et al., 2003; Codina-Pascual et al., 2004) . In the present study, this strategy has been used to identify SCs with higher frequencies of synaptic anomalies in fertile and in infertile men. Regarding the important role described for the heterochromatin during meiosis, the behaviour of SCs with noncentromeric heterochromatic blocks during synapsis and its localization, with respect to the XY pair, have also been evaluated.
Materials and methods
Individuals included in the study were two men (C6, C7) of proven fertility and three infertile men, one oligoasthenoteratozoospermic (OAT7) and two azoospermics (AZO2, AZO3). The AZO2 and AZO3 cases were included in a previous study in which synapsis and meiotic recombination were analysed without SC identification (CodinaPascual et al., 2005) . AZO2 presents a heterochromatic polymorphism in chromosome 1 (46, XY, 1qh+) .
Testicular biopsies were obtained under local anaesthesia. For the controls, biopsies were obtained while undergoing vasectomy (C6) or vasectomy reversal (C7). Written consent was given by the patients, and the study was approved by our Institutional Ethics Committee.
Sample treatment
Testicular tissue was processed for the immunocytogenetic analysis of SCs using a previously described protocol, with some modifications (Codina-Pascual et al., 2004) . A piece of the biopsy was shredded in 20 μl of 0.1 M sucrose. Free pachytene cells were spread on a slide covered with 1% paraformaldehyde/Triton-X solution (pH, 9.2) and fixed overnight at room temperature in a humid chamber. Afterwards, slides were left to dry, washed in 0.04% Photo-Flo (Kodak) for 4-10 min, rinsed in distilled water and air-dried. Slides were blocked with 0.05% milk-powder solution in 4× saline sodium citrate (SSC)-0.05% Tween-20 (4×SSCT) for 30 min Four primary antibodies were used: rabbit antisynaptonemal complex protein-3 (SCP3) (Lammers et al., 1994) and rabbit anti-SCP1 (Meuwissen et al., 1992) (both gifts from Dr Christa Heyting), anti-centromere protein (CENP) (CREST serum kindly provided by Dr William Earnshaw) and mouse anti-Mut L homologue-1 (MLH1) mismatch repair protein (Pharmingen, San Diego, CA, USA). They were applied at 1 : 1000, 1 : 1000, 1 : 1000 and 1 : 250, respectively, overnight at 37°C. Slides were washed in (1×) phosphatebuffered saline for 48 h at 4°C. Afterwards, the secondary antibodies, tetramethylrhodamine isothiocyanate-conjugated goat anti-rabbit immunoglobulin (Ig) G antibody and fluorescein isothiocyanateconjugated goat anti-mouse IgG antibody (both from Sigma, Madrid, Spain), were diluted at 1 : 250 in blocking solution and applied for 3 h at 37°C. In a third round, the Pacific Blue-conjugated rabbit antihuman IgG (Sigma) labelled with Zenon Reaction (Molecular Probes, Barcelona, Spain) was applied at 1 : 250 for 1 h. Finally, slides were washed, briefly rinsed in distilled water, air-dried and counterstained with antifade (Vector Lab, Burlingame, CA, USA). An epifluorescence microscope (Olympus B×60) and Power Macintosh G3 with Smartcapture software (Digital Scientific, Cambridge, UK) were used for cell evaluation and image capturing.
Subtelomere multiplex-FISH DNA probes for the subtelomere multiplex (stM)-FISH assay (Fauth et al., 2001) were prepared and applied as previously described (Codina-Pascual et al., 2004) . Microdissected subtelomeric probes, with sizes between 5 and 10 Mb, were amplified and labelled by degenerate oligonucleotide primer PCR, according to a combinatorial labelling scheme on the basis of seven different fluorochromes (Fauth et al., 2001 ). For direct labelling, Diethyl-aminocoumarin (DEAC) (Perkin Elmer, Jügenseheim, Germany), Cy3 and Cy5 (both from Amersham Pharmacia Biotech) and Texas Red (Molecular Probes) dUTP conjugates were used. DNP (Perkin Elmer), biotin and digoxigenin (both from Roche Diagnostics, Mannheim, Germany) dUTP conjugates were used for indirect labelling. After 48 h hybridization and post-hybridization washes, anti-DNP-KLH-Alexa488 (1 : 400; Molecular Probes), avidin-Cy5.5 (1 : 200; Rockland, Gilbertsville, USA) and anti-digoxigenin-Cy7 (1 : 50; Cy7 from Amersham Pharmacia Biotech) were used for detection of h-apten-labelled probes. Finally, slides were counterstained with 4′,6-diamidino-2-phenylindole (DAP1) and mounted in p-phenylenediamine dihydrochloride antifade solution (Merck). Visualization was performed using a motorized epifluorescence microscope with an eight-position filter wheel (Leica DMRXA-RF8; Leica Microsystems Imaging Solutions, Cambridge, UK), a Sensys CCD camera (Photometrics, Kodak KAF 1400 chip) and the Leica QFISH software (Leica Microsystems Imaging Solutions).
The identification of all SCs was performed by projection of the stM-FISH results into the image of the immunolabelled pachytene cell.
Statistics
Statistical analysis was performed using the Statistical Package for the Social Sciences 13.0 program (SPSS, Chicago, IL, USA). The chisquare test and Fisher's exact test, when necessary, were applied for percentage comparisons.
Results
In the present study, 310 pachytene nuclei of two control cases (C6 and C7) and of three infertile men (OAT7, AZO2 and AZO3) were immunolabelled and hybridized using stM-FISH (Codina-Pascual et al., 2004) for the identification and analysis of all of their SCs (Table I, Figure 1A and B). Identification of all SCs was achieved in 298 spermatocytes. The other 12 spermatocytes in which at least two SCs could not be identified were excluded from the analysis of synapsis but included in the analysis of autosomal SC localization in relation to the XY pair. Pachytene nuclei were classified into early and late pachytene cells according to the XY pair morphology (Solari, 1980; Codina-Pascual et al., 2005) (Table I) .
Synapsis analysis
The presence of SC gaps and splits has been analysed for all autosomal SCs in 298 pachytene nuclei. The early and late pachytenes, from the five cases in which SCs with gaps, splits or both anomalies were observed, are summarized in Table I . In addition, Table I specifies which SCs and SC regions are affected in each nucleus. Table II summarizes the number and percentage of nuclei with SCs affected only by gaps, only by splits or by both anomalies for the five cases analysed, and the data are classified according to the number of SCs affected in each cell.
A total of 140 (47%) spermatocytes presented SCs with synaptic anomalies, 59 (19.8%) with gaps, 60 (20.1%) with splits and 21 (7.1%) with both anomalies. The cases with the highest incidence of spermatocytes with SCs with gaps were AZO3 and OAT7 (46.9 and 32.1%, respectively), followed by AZO2, C7 and C6 (24, 18.5 and 8.6%, respectively) ( Table II) . Regarding spermatocytes with SCs affected by splits, C7 presented the highest incidence (38.9%), followed by AZO2, OAT7, AZO3 and C6 (20, 14.3, 9 .4 and 5.7%, respectively). The coexistence of gaps and splits in different SCs of the same spermatocyte was only observed in AZO2, C7 and AZO3 (24, 12 and 6.2%, respectively).
Gaps and splits generally affected one SC in the cell; however, some spermatocytes presented two or more SCs with gaps and/or splits. C6 and OAT7 had 14.3 and 46.4%, respectively, of nuclei with SCs affected by gaps, splits or both anomalies, none of which had more than two SCs affected. C7, AZO2 and AZO3 had 69.4, 68 and 62.5%, respectively, of their pachytene nuclei, with SCs affected by one or both anomalies. In these three cases, 7.3, 12 and 28.1% of the nuclei had more than two SCs affected, respectively. SCs affected by gaps, by splits or by both anomalies were more frequently observed in early pachytene than in late (Tables I and II) .
The analysis of all SCs in 298 pachytene nuclei (i.e., 6556 SCs) showed that 200 SCs had gaps (105) or splits (95) ( Table I) . SCs with noncentromeric heterochromatin presented gaps and/or splits more often than other SCs (Tables I and III) . Whereas splits were almost exclusively seen in the noncentromeric heterochromatic regions of SCs, gaps were also frequently observed in other SC regions (Tables II and III) . The AZO3 infertile case presented the highest percentage of gaps and splits in regions other than noncentromeric heterochromatic regions (P < 0.05).
Among all autosomal SCs, SC9 and SC1 were the ones that presented gaps and splits more often (Table III) . These synaptic anomalies were located in the region proximal to the centromere of 1q and 9q arms where noncentromeric heterochromatin localizes (i.e., 1qh and 9qh) ( Figure 1C ). Case AZO2, which has a polymorphism on the 1qh region (i.e., 1qh+), presents the highest incidence of gaps and splits in the 1qh region of the five cases analysed (P < 0.05) (Table III) . In general, the number of gaps and splits observed in these two heterochromatic regions mentioned was highly variable among the five cases analysed.
Splits were also frequently observed in the p arms of SC15 and SC21. For SC21, about 50% of these splits also affected the centromere region and the proximal part of the q arm. In Table I . Detailed data obtained from the analysis of synaptonemal complexes (SCs) affected by gaps (SC discontinuities) and splits (unsynapsed SC regions) in early and late pachytene nuclei nE, nL = total number of early or late pachytenes analysed, respectively; E, number of early pachytenes affected; L, number of late pachytenes affected; P, number of pachytenes affected; '1×', '2×', number of cells in which the anomaly has been found. Noncentromeric heterochromatic regions affected are in boldface. the 298 nuclei analysed, only one SC14, one SC22 and one SC16 had a split in their heterochromatic region.
Autosomal SC localization in relation to the XY pair
The autosomal SCs located close to or associated with the XY pair were evaluated for each pachytene cell. All autosomal SCs were observed close to the XY pair at least once. Nevertheless, in the C6, C7 and OAT7 cases, SC15 and SC21 were more often observed close to the sex chromosomes, as compared with the rest of the SCs (P < 0.0001) (Table IV and Figure 1E ). Other SCs frequently observed close to the sex chromosomes were SC1 in C6 and OAT7, SC7 in C6 and AZO3, SC13 in OAT7 and SC14 in C6 (P < 0.0001). Autosomal SC associations to the XY pair were observed in about 17% of the pachytene nuclei. The incidence of association Table II . Number and percentage of spermatocytes with synaptonemal complexes (SCs) affected by only gaps, only splits or both % of P, % of E, % of L = percentage of total pachytene, of early pachytene and of late pachytene affected, respectively. % in E, % in L = percentage in early and in late pachytene nuclei, respectively; E : L = number of early and late pachytene nuclei analysed. 12 (25) 19 (100) 12 ( 14 (100) 13 (12) 9 (15) 4 ( 3 (100) 2 (8) 2 (25) 3 ( 2 (25) 3 (17.6) 4 (100) 3 (100) 6 (24) 5 ( (48) 2 (40) 6 (20) 3 (9.4) 1 (14.3)
2 (8) 1 (100) 2 (100) 2 (6.2) 2 (8) 1 ( to the XY pair for each of the 22 autosomal SCs was <1%, except for SC15 and SC21, with a mean incidence of 5 and 3%, respectively (P < 0.0001) (Table IV, Figure 1D and E). From the total of SC15 and SC21 with terminal splits in the p arms, about 80% were located close to or associated with the XY pair ( Figure 1D and E) . No other SCs with gaps or splits, not even SC9, were observed, to predominantly locate around the XY pair.
Discussion

Synaptic anomalies
In the present study, immunocytogenetic labelling and the stM-FISH assay have been applied in two fertile and three infertile men. The analysis of synapsis for all SCs has been performed.
For years, gaps and splits in pachytene nuclei have been considered synaptic abnormalities when present at the pachytene stage in infertile men (Hultén et al., 1974; Vidal et al., 1982; Navarro et al., 1986) . It is known that fertile men also present them in some pachytene nuclei (Codina-Pascual et al., 2005; Guichaoua et al., 2005) .
In the present work, gaps and splits have been found more frequently in SCs with noncentromeric heterochromatic regions (chromosomes 1, 9, 16 and acrocentrics). These abnormalities are more frequent in early pachytene nuclei, indicating that gaps and splits may express a delayed synapsis. Whereas splits have been observed almost exclusively in secondary heterochromatin, gaps have also been observed in other SC regions. The presence of gaps and splits in regions outside the noncentromeric heterochromatin may be indicative of a real synapsis anomaly instead of a delayed synapsis.
In the present work, a single SC with a gap or split per spermatocyte has been widely observed; however, some spermatocytes presented two or more than two SCs with gaps and/or splits (Tables I and II) . AZO3 presented the highest incidences of synaptic anomalies in regions other than the noncentromeric heterochromatic SC regions. In this patient, gaps and gaps plus splits were more frequently seen in late pachytene nuclei, in which several SCs were affected (Tables I and II) . These results could be consistent with infertility related to a severely affected synaptic process.
The 9qh region, where secondary heterochromatin localizes, presented gaps and splits more frequently than any other region in metacentric and sub-metacentric SCs, followed by the 1qh and the 16qh regions (Table III) . The presence of gaps and splits in the 9qh region has already been pointed out in previous studies (Solari et al., 1991; Barlow and Hultén, 1996; Sun et al., 2005) . Among acrocentric SCs, splits were frequently observed in the p arms of SC15 and SC21, and occasionally in SC14 and SC22.
The incidences of gaps and splits differed among all of these secondary heterochromatic regions, suggesting a different timing of synapsis for each region. A possible explanation for these differences in timing among heterochromatin regions could be variations in size, in composition and in molecular organization of the heterochromatic region (Tagarro et al., 1994; Strachan and Read, 1999) Human chromosome 9 presents a variety of morphological variations that affect its pericentromeric region. The estimated incidence of enlarged pericentromeric heterochromatin (9qh+) is 6-8%. Pericentromeric inversions are found in about 1% of the general population (Madan and Bobrow, 1974) . When two homologous chromosomes, such as 1 and 9, present morphological differences in their heterochromatic regions, it may make the synapsis in that specific region difficult and, as a consequence, delay or prevent it (Solari et al., 1991) .
The variability observed in the incidence of the unsynapsed 9qh region among the five individuals and the high incidence of gaps and splits in 1qh in AZO2 could be explained by the presence of a high frequency of heteromorphism in heterochromatic regions in humans, and the fact that the AZO2 case showed a 1qh+, could support this idea. Chromosome 9, apart from showing a high incidence of gaps and splits at pachytene stage in SC preparations, has been described as being especially prone to breaks that produce asymmetric bivalents in meiotic metaphase I spreads (Sarrate et al., 2004) and structural chromosome aberrations in sperm studies (Brandriff et al., 1988; Estop et al., 1995) (reviewed in Templado et al., 2005) .
Finally, the results in the present study suggest that not all expressions of unsynapsed regions should be considered equally as synaptic abnormalities. Gaps and splits involving noncentromeric heterochromatin could be considered as less severe synaptic abnormalities than those involving any other SC region.
Autosomal SC localization in relation to the XY pair
The localization of autosomal SCs in relation to the XY pair has been analysed. All SCs have been seen located close to the XY pair at least once; nonetheless, SC15 and SC21 were the ones that were most frequently close to the XY pair. SC13 and SC14 presented high rates of close localization to the XY pair only in two cases. Association between the XY pair and autosomal SCs was not so frequent, but SC15 and SC21 were the ones with the highest incidence. Association between the bivalent 15 and the XY pair has already been observed by FISH in meiotic chromosome preparations (Metzler-Guillemain et al., 1999) . In this former study and in the present one, analysis of bivalent association has involved the spreading of a tri-dimensional cell onto a bi-dimensional plane. Extremely close localization of autosomal bivalents to the XY pair could, then, be an artefact instead of a true association. But, in the present study, associations are analysed at a protein level (i.e., SC) and are visualized as continuous proteinaceous filaments ( Figure 1D and E). Metzler-Guillemain et al. (1999) reported that 30-40% of bivalent 15 associated with the XY pair. Our results indicate that about 40% of the SC15s are located close to the XY pair and that only 5% are actually associated. For the SC21, this observation is similar: about 30% are close to the XY pair and only 3% associated with it.
Heterochromatin of chromosome 15 presents high homology with chromosome Y heterochromatin (Burk et al., 1985) and a partial sequence homology with Xq/Yq subtelomeric regions (Brown et al., 1990; Ciccodicola et al., 2000) . In addition, material from the short arm of chromosome 15 has been detected in satellited Y chromosomes (Yqs) (Kühl et al., 2001) and, as an inherited polymorphism, in short arms of chromosomes 13, 14 and 21 (Smeets et al., 1991; Stergianou et al., 1992; Wilkinson and Crolla, 1993) . These observations together may explain the high degree of close localization or association observed between SC15, SC21 and the XY pair, detected in the present work.
Conclusion
From the present study, we propose that heterochromatin has a specific role and behaviour in the synapsis of human homologous chromosomes. It is herein shown that noncentromeric heterochromatic regions are the last regions to synapse and, when unsynapsed, gaps and splits are observed as in the SC. Moreover, these regions show different timing during synapsis, 9qh being the last one to synapse. In addition, an inter-individual variation in the incidence of gaps and splits in noncentromeric heterochromatic regions has been demonstrated and may be explained as a consequence of the heteromorphism of these regions in the general population. The presence of gaps and splits in SCs without noncentromeric heterochromatic regions may indicate nuclei with synapsis more severely affected, which may result in infertility. The association of acrocentric SCs, 15 and 21, to the XY pair may be explained by sequence homology between short arms of these chromosomes and the Yq arm.
